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and

B. r. R, Spencer, B.Sc.

SUMMARY

Apart from an attempt to calculate the contribution of a tailiane to
the damping in pitch of an aircraft over the speed range this note is a
review of the existing information on the subject, from both oxperimental
and theoretical sources.

A comparison of theory and experiment seems to indicate that theory
gives a fairly reliable estimate of trends. There are a number ot points
requiring further investigation, and these are brought out in the discussion
and conclusions at the end of the paper.

The main conclusion to be drawn from the available infonnwtion is that
tailless aircraft, having leading edge sweep of less than 550 or thereabouts,
and of moderate or large aspect ratio, are almost certain to suffer some
loss of damping in the transonic speed range, the severity of this loss
depending on the sweep, the aspect ratio, the moment of inorti. in pitch,
and the relative density p.

It seems likely that the addition of a tailplane in L, w.table position
would remove most, if not all, of this loss, but this requt- f~urther
investigation particularly as regards incidence effects.
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' ,""Until airbraft flew tranionically the damping of the short period .(high

derivatives governing it had beern studied but littl. Recent flight
experience revealsd a serious loss of damping in pitch of th4 short period

"'' " the stability derivatives involvcl, -":- -*' ,

"" " In general, the forces -and ments aoting on =n aircraf~t depend on the
i time history of the motion in addition ' theisan.eu values of the-Untvariables, a t leworandnce of thd i oarticutarly for flight at transoni

speeds, has become widoly recognised. Accordingly, the derivatives dis-qcussed in this iaptor are oscillatory derivativsn (petaining strictly to

:. simple hrmonic motion) (as discussed by Neumark w-0 ThorpeT1M) For sb-
sonic and supersonic speeds sufficient remo d from t t for Hach number

eunity the depedence o thd derivaoiss on the "reduced" frequency

oacijJnatis su that for the frequency range of interest Intreat i

stability the derivatives themselves may be regarded as constant, but theory
and experiment indicate ha at transoic speed the frequency has a tro-
nounced efect on the value of some derivativenstn e of the

The last few years have seen th detel r2en f eories for calcula-

t ing the appropriate derivatives oo various aegrees of approximation at o

subsonic Atonic tn)s s csed b the same time such derivatives

~~~sonic , and supesonic speedsoet.y eoe rmta o Ic u~e

have been measured using lifferent expezimental techniques for a number of
wings, and for complete dircraft. The stage har been reached now when a
review of the present ,ftage of knowledge, arA its implications for aircraft
dtaiit desirable. This is. the object o the presen s note. b theory

-a In addition, an adance on the theoretical side is madeby an approxi-
omaue calculation of the damping, contribution of a tailplane operating behind

a wing in oscilat ry flow. The results are compared withrhe currently
used simple steady dowrnavsh delay approximations, No experimental data is

available f or com~oarison. ..... ,
h Aove owledements are due ar Mrs. i. Swift who dit n st of the lengthy

computation and iss P. l. Ward who also helped with the computation and
p aried som e prei ustratio e. e i.ci fo aircra

The authors aso wish to ac io lte ge the assistance given by iss M.
Jones of A.V Roo L . with the calculation relating po the Avro 70b

2 Derivatives involved in the rLesul t e o et eriod lo itudinal
oscilla tion  r. -....... " '.

The equations of motion of an .r s. aft assudmig the forwfat speed
remains constant (or neglecting th -hvgoid astion), and n the usual moving
wind-body axes system, are (see for eaii!lej Refo T 7 ,

The equations of eqution ofin ts xcra.t assumin hea. forwad see
~d ,

V(1

dr z

The detern.Lnantal equation, in its S% -tcul Z'oxn, r-isal2y folowa
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It will be seen later that the derivatives z~ and me are at most'6nly of
the order w2, and the available experi;nental data do not enable a nuimerical
assessment of these derivatives to be made. If on this basis we are Prepared
to neglect these the only derivatives involved in the damping of the short
Period oscillation are those contained ju the expression for B1, and of
these we may ignore the effeots of ,-and z as these are dLiide by V,
usUall-1y large. It should be stres-sed that gi;vqn a full. knowledge of the
derivatives it is neither necessary nor perhap s desirable to make these

Accepting, f or the moment, this aipproxinate appoach. vm -f ind fthat the
damning depends on three derivatives V?, ., and mA,. Furthermore, the
latter two occur in cabination as the sum of the two derivatives-'whi-ch can
be shown to be equal to the pitching derivativ-e 4,in the fixced axes system.

The discussion that follows is therefore main],y concerned with these two
derivatives Z7, and m" but unavoidably other derivatives enter into the
relationships giving the gependence ot zw and 4on axis position. The
transfer from one a-,cs to another is a -,ez1 comn adjustmnent to be applied
to test results for their application to a-iroraft design, of which we shall
say more later. -:. * A ~ ~ 3'

In the absenope of detailed :Ui-'ornaU. on the effect of frequency we
shall be assuming that we may neglect those quantities which theor ndcates
as being of order oj2- or less. hoyid

3 Wing derivatives (inviscid theo~ iznfinitely thin aeroil}

We deal first with the isolat - ;.rZ. Here we have available traoriea
which assuma generally that the w~ ig infinitely thin, the flow is Snn4_4cid,
and that shock waves are absent. A thrsimplifying aEuptwi ns -h 4 dac
into the more fully developed sub3,jiti-4o arA supersonic the0ory make ricsara

brie aocun ofthery ccording 'ao 3_reed regimes.

3.1 Wing .in subsonic oscillatoz7 fio

In t~wet-9asion of his subsonic Li~i.;aurfac$ t.hlory from steady flow
to oscillator-Y f low of low frequen -y, ?Auilv-hp (ze,: rf~ T6 by Ganer) shows
that using the trarnsfo=-ation

I(X;y~z~t) =R6 X(:e,) e ~

CONFIDENTIAL. DISCR&'--EE
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with anap~priatsebr a. 1 mnces e otniyquation tot zro'1~

.14 Hethen poceed s toneglect the l.ast teim, arA. threby reduces the polmt

the solution of the gneralisd Laeplace equation,

a-l 'a

It is important to nuJt that his assum:rptions go D=-ther than a naeo assumiption
of low frequenc~y, sine :! :Ls irmplied that, ( )

This restr'icts the range of nach numrber over whi-ch the theory may be applied
with reliance.

The next' tage ini the calcula-tion is the setting-up of the downwash
equation in the form. given in ref. T6. This in hun is split into two parts,
see equations for wand w9 in ref. T6. The influence .funotions involved

'~in the two equations being given, it is possib~le to reduce,, as, via~d-.ne an* the
steady flow problem, the prcblem. to the calculation of the l~ocal: lift L&
pitching morn nt at a number of chordwiso sections from a set of lineaxreq"uations
satisfying the dowimvash condlition at two points of each section. Details ct
the analysis and computation are given An ref. T6.

3.2 Wing in oscillatorv yIA at transonic~s

6We have mentioned the possibility of error in the Multhopp approach as the
Mach numb~er is increased. To overccurte this &iIficulty, and in particular to
enable him to deal with the Bonio =zoblemi Mangler, ref. T12, returns to the
unmodified coantinuity equation,

where I (the 6'nthkkp) (X:Y Z) ea

Using a distribution of do,-blct., over the wing of strength

we then obtain for I

z10 4,1 ir, -i
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Where ;4-; "

J~

and. a +11 M <I and ±I f or M> i.

Introduotion of !into the at of the Buler equations leadst to the dow~n-
waush equation,

(9)

where H= h+ R(1X25) can be written

_____ ____1+9) f(y-y' 2 + Z (ioH r'M [!+-M) (Xxl' + (X-'1f) +1 (H V cIM) M (X-Xl+ a

'ac form which gSLves no diff icult *as M -> i.* A fur~ther transformation enables
'Z.the downwash equation to be written after' ooaiderable manipulation in the

I1 (Y-.9

ZK

where L(xt,yt) is a mcdifieJd ioadinsg.

This form of the downwashi equation embciJ-es Mo r*3strictiVe assumptions
regarding either frequency or Mach numbor. In aircr-aft stabi~liy we are
interested in gmall values of the reduced frequency, c,, and hence we need
onl~y retain term of the first ordev in the downwash. This siinpL-fies some-
what the equation for the donrnwaWh, of.Icnh is then split into its real ard
imaginary parts. The resultlxt cfna in fornn appropiate to each of
the speed regimes, are giver: in ~. 12.

By nwanz of these equatao~ . in formally t iaa.lbla to oonstrWot solu-
tiona for oscillatory flow a.~i the Mich i range, prcvied solu-
tions can be obtained to the ) blez, of' 3.ady flow with arbiitrary incidence
distr~hution. This would yizsi, tou t1',cretica1 solution fairing
into the Multhopp solution at Lr;a '14=4xi z!ach uber, passing throughx the
sonic solution, arA fairing into 1h*' d'-f ,ohtjr;= on the supersonic
side. These latter are, of cx i3, -;.n A ~il=- aas3znptiOnfS to the
Multhopp gubsonia solution, iam :ly, U vr stxca!Z 'ach numrber rmusi be

CO H ETA_-U1lCE



. .... -. To "~ he showve rh~ .sve theory has nly been, applied ao a par -

4, ... u-mlar famiy of wing.s - ,.o delta. -. and even then only7 at sonio speeds. Recente,xperience with Multhoppta sohee for the solution of steady flow problems
ts , uggesta thA.t it is a fi~entI ccurae to be used in the solution of the

: , integral equations evn when M i s quite near to uniy (see also section 3-4).
: nextension of the theoretical wcrk on these lines would undoubtedly be

"" .. valuable, since the scnd. ao]Jut-Lons shomw that the derivatives z and m , andhence z and m de ew-A um:& p a on the reduced frequency, contaiingas o it
esgat~n log , l. .. . -

3.3 Wing in supersoncic oscilahtct flow & . "C=),

By a h s inij 2crgenbt hat of~ thez s on cae'n but"*L~' with obviustf-!

cuaion the problen of w n soillating wing in supersonio flow sufficiently
xperemoved f wrm soMi can be reduced to steady flow probls. The usual methods

ofvalvbl steady fbecome applicable, and we hae derivatives

which are idependent of" oe reduced frequency, see references T28 , 32, 33,

s37, 39, 40, 41, 4.5.

B a3,4 C imarison of Muthhoe subsoncc theory with ot.h;e theories

c Ato rt from the 1ulthopp scheme o calculation for wings at subsonic speeds

fthere exists an ectension of the Palner lifting surface theory, and also exten-
sions of the Lawrence tory, which is an i p eryed slender wing theory. These

are described in refs. T9,19, T10,22. In addition, the "slender" wing theory
gives exact results in the 1)inting case A - 0. We shall now compare results
based on these theories with those. obtained using ulthopp's method... Garner. has

'already provided a cc~p irizon of the results of ref. T9 (Lehrian) with results
Af he obtained by use of Multhopp's approach., These are reproduced here as Fig.6.

The agreement for both types of wing considered, is very good. *Vj1 o.1

In .re O Lawrence aA Gerber describe a method,,, which like. that of ref.
19 (Lehrian) deals with the problem in more general terms, there being no.re-
striation on the frequency of the oscillation, and give results for delta wings
of various aspect ratio. These7 converted into our derivatives z , ' 4,

Xare compared with results based on Multhopps theory in Figs. i,2,3. Included
on the same figures a restaus in the limiting case A - 0 ("slender wing
theory*), see for e=mple; ref. To9 and the extension of Multhopp's method to
this t This is to be discus.'ed more fully in a subsequent paper.] The
various results are in close agreement) and it is particularly encouraging to
note the smallness of the error in Multhopp's approach even when extended to
the limi2t A -* 0..

The lifting surface theory due to Lawrence h :s been used to obtain stabi-
lity derivatives (i.e. assuming w snll), AmA the solutions for the cropped
delta wing family have been largely grt3igested in a paper by Stone (Ref. T22).
Typical results for elta wings are given in Fig.4, whilst in Mg.5 the values
of .q for wing of asreot ratio 1.846 for various axis positions are compared
with results based on MultVhoppI s method. ha agceement is good throughout the
entire range of axis position. The _3 in not true of the results for m*
of a oropped delta 4-Tng (zee Pig. 6 ). However, Multhopp's theory and that based
on the Palmcier approacb ar, n goo2 ag.-eimenl; for both the o-xnpped delta wing
and the arrowhead wing 0f '. 6.

4. Tailnlane on-"ou'ion t1-a 2ir .of the win-tailvlane cibination

Bafoxe the advent n±' - ey ew.e :4xged aircraft capable of transonic
speeds it wa usual to za "uz! uia'-t .n simplications in the calculations

- 10 -
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o f'-the tailplane rontribution to m Ths was usually split into the con- P
tributions to m . , * .For the first of these the procedure was aImply

to introduce an adit.o'wv. Incidence - at the tail aerodynamio centre.

This leads to the V.]Lz!g aiml eut

4,4

iencwhere zt is the icrce d .vativ for the tailplane.. Occasionally an efi-

The second teia in * (Am) was cbtainea. 3 by assuming that the down-
wash at the tailxlan, corresponds to that generated in steady flow at a time
earlier than the instant considered, the interval of time being that needed
for the air to pass from hbi wing to tthe tailpane, that is, 4/V. This
assumption leads to anothar simple relationship,

Combining the two results, " - .-

t -(+i4.)
0-

Now whereas, such sizplifying assumptions could well be justified for straigjht
wing aircraft at relatively low Mach nubers, ar large tailplane arm, it is
questionable whether such is now-a-days the case. Some ttemt to improve on
the above approximations han been made, but investigations to date lack suffi-
cient generality, e.g. do not apply if wing is swept. To assess the unsteady

. flow effects in relation to the tailplane contribution requires that we cal-
culate mft, mq , and mt for the 42.il alone, the. moment arising from the

force on the tail, and superimpose the effects of dovawash. In doing which
we are required to calculate the dnmwash arising from each of the three wing
pressure distributions associated with the w; q, and * derivatives
respectively, the above simplified treatent being clearly incplete in this
respect. Calculations on these lines have recently become available for the
rectangular and delta w hgs with tails at supersonio speeds (see section 4-3).
Silar calculators for subscnio speeds, and for sonic speed, using the
theories discussed in section 3 as a basis are given in Appendices I and II
at the end of the oaper,

The results tor each of the speed regimes are now sxmzarised.

4.1 Subsonic flow

In ApperAix 11 tho diawrfash at a point behird an oscillating wing is
calculated assmdng tlat the tlLjane lies in the plane of the wing wake, or
since we further asuir ,- -. nt or deformation of the vortex sheet
that the wing al tailjjln a-._ ,,an,. Restricting our attention to oscil-

lations of small i.kt~aI 'rS'. int-ics -.alculation of the downwash in the
plane z = 0 of the c'-2inate sym:t.

With these assum[,Aor-na the arzv±.yi3 of Appendix II shows that the down-
wash ran be writter. in Qh.-

"OIMi ~ -i -f- *,~FDI'ITA DISCREET
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where Fj is ahe Aration of the downwash associated with the loading C p and
~ is he Aiotion a1 sociated with, all three loadings Z3., hsela

oontributions which go ma, up th- loading of the oscillating *in& (see equation
(3a) AppenT 11) 0.1=, of the following physical in rpretation,

is tIv, 2a d-te to unit uniform incidence,

' is the m .ding due o steady pitching oscillatin about the
: x

orig.'n, o. incidence .

and .3 .ns t-"t znfrom a time lag between the loading and its induced

dwnwash (tha icidence is a function of ii, jj, and &I.

Provided that the tailplane is small dompared with the wing we may further
assume *,at it in sufficient to taIe a mean downwamh. The results then obtained
for -the force anl =,ment derivatives are,

" , . ."++ , '"" ,. +,

Stc (1,r~ M2  
(6

[ +-•+. + + (16) +

and,

+7- -+ F -

. = - ,a.+ +%,

)ot I Z4j+ 2.m- - *1}0,( T. a I0 0

where z~ z, m Wn d m0  are derivatives for the' iolated taipane. The
t (1 + , .. . . .- . -- , ,. *,, . 1

last tecm in A* cnn be omitted if we make the usual choice of definitlon of
Z, the tail nam, i.e. the distance from the aircraft O.G. to the aerodynamio
centre of the ti ne. .....

Of the tajlp . nt! iferivatives involved in the above expressions zt is

considerably ")tzgo'- than the others. particularly if we make m 0 by

* choosing Z aa Ibuvo, ard so a reasonable approxination would be expected if
we ignore ali ,wti excopt those involving z 0 . This yields,

S t z

:-+ P 2' 2+ (19)

-12.
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T(u Igo rig thoe re beryeen s fo and, wahi , we can writetese.o w

relertoAhp .i aa fc hc flosta 9 aT ~satr hc

- -Z i

and,

To reduce the~aro to the very simple forms with whida. we opened this section we
refer to App&~iiax T], frcia which it follows tha P2cnan a term which

can be written appro:xchstely ( _-2 * provided 4 is large. Thus

assuming 4 is large, and accordingly retaining o terms involvinogly
the above expessions reduce to the extremely simple forms of equation (14).

It is desirable to compare the various approximations for typical air-
craft layouts ab different Mach numbers.

4.11 Comparison of values of Az and 6m. as given by the various

attsoximaticns

The calcaulation of the functions F. and P2 is fair~y siaaghtforward,
and follows frce Appendices I and 11. In computing these the influence func-
tions as given by the N.P.L. Tables, and as given by the first term of the
appropriate serios of Appendix I were used. Two planforms were chosen, with
tailpanes of similar geometry, the first a typical sweptbaok wing, aspect
ratio 3.0, le ading edge sweep 450, and taper ratio 0.4, and the second a
cropped deltap aspoct ratio 3.0, leading edge sweep 45 and taper ratio 1/7.

To study the vdriation of Pj and F2  over the -Lailplane area the
funotions were evaluated at points distributed as shown in Figs. 10 and 1l
.(behind the first of our wirns). The function F1 is seen to depend markedly
on the spanvrne location, but for tailplanes at 1.5 to 2 mean cbards behind
the trailirog edge but little on the longitudinal distance. The implication
here is that for, layouts such as these it is generally necessary to average
F1 in the y -direotion. A linear interpolation between the points corres-
ponding to v 0 0, and I ( = 0, 0.3827) should suffice. It is seen from
this figure tJat the asymrptotic approximations (see Fig.9) to influence func-
tions give reonu.ts in remarkably good agreement with exact values.

A simila aei of elculationa for FP yieldw Fig.11. This shows that
F2 varies more , , with both x and y for the same variation of the
coordinates. The vranation is such that the nett effect for a sweptback
tailplane is novt large, which sug'ts that we co,.d approximato 32 by a
reasonable cho.,e of a point on the centre line only.

rom th . aL , elzuea f r e F2  so determined we obtain the con-
tributions of the ta ila:.3 to z 0  and m.3. The calculated values according
to the variou3 apro::i-tio; of seowtion 4.1 are compared in Table I for a
typical tai2pln arraacenb hos, geometx7 is similar to the main wing, ard
for which,

St" "  0 ,9,' - 2.019 2.92,5.

13-
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Resul~s of zi:a'calculations for &. cropped delta wigtipln az en- --
are ginJn Aa1 an F..... Here it is asumd that

t 1,503 X 2.98 >.i '
0 ,0 1 8 Z ' =- 0 2 .2 0 2 ' 3.25

I~ t :L seen 1what the.-siolest. of that approxdnatcons. (thse of; equa taiis (1)
())prvU reasonabl.e estimates except at extreme- O.G. positions, but that

eveu in these as;es the approximation of equations .(20). ari (21) are -stifl.
acceptable, , , -aa~~

The dL±not ecr.arison vit-!h 6 Jatst fwi;
-~alone, a7.0 with tail.planes do not appear to have been made to date. It is,
howvier, hoped that it wil2., be po3S~bl. later tb compare the results for the
delta. wing-tail ombination -aitb. flight test data for the tailless, and tailed
versien of the Boulton-Pau ir zcraft.'Aln r":1'.

4.2 Sonic f law "A z £0 (4t 4 $ ±'

Also givenin Apperxiix Z[* re calculatios bae: on the sa ubi

as those of section 4.1, f'or which the stream Mach number is unit~y. As tbe-ving
Al 2loading has n2y been detenrilned for the Jelta wings complote calations are

only gi',;en for this famly of wings. a'

The doninwash angle at the tailaciecan be written in the form, _

K where 0 2: is given by equation (11.29) of Apper~iix 11.

Fin= this we get, .1 td3 -xA; U cco ni:. r:o.4Mi (Z '.:Or)

4 '--;)~--

t
as i £euio~i4.1

o 4 ot

0 0i
S o 14 -Zt Mt
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Itfol*3 hti h usual ag4fsee o et wings D is negatie,'-(~)buttens t beomepostie, as sweepbaok. is, increased. 1n, lI mit

2-, Aocoz-aingly, tailplanes tend to' become less efficient,,'~
meAns 0111o~n damping as the sweep of the wing is inoreased,"'ut this
is oaf.et., of ouses by an increasing oontribution from the wing. In the
ebsorce of bothi theory and experiment for- a wide range* of wing planforms, and
taila it is not possible 7to say if this is a general result.e

Foyri a b ntraietocnidrte'cz f I-edelta ai,

plane of thie cropped dlawing type. This particular configuration, i.s
well as the position. of the tail relative to the wing (in these calculations

-is !vpt constant at 2.9)ws'hsnto aI1low the mximm Use of the
0
result3 relating to Fig.15, but has the disadvantage that this tail position
does not bring out so forcibly the -tendency for the m7 at transonic speedsa
to become rmore near~y equal on fitting a tail. However, the tx-end. is cer-
tain3y present in the results of Figo%4 axyi the above argument for large
tail ax=s shows tha~t this balance of wing and tail contributionis is more
marked for tailplanes placed further aft than those of Fig.11k.

* 44~ SUNersonio flow A

Adiscussion of the same~ pcbld'm in supersonic flow is given in ref. T44,
(Ribner) which is confined to a wing performing heaving' oscillations.
Ref. T~38 (Martin, Diederich and Bobbitt) gives a moire complete discussion

, l ,ar and tringular' wings with. tailplanes.

There is, as is to be expected, a'general resemblance between the
expresa obtained for th--e tailplane contribution to z and *~ and
thova for the subsonic 1'17w. Here, however, we cannot so readdlIy relate the
gercral expressions to thti well-kno-im approximations given in section 4 , but

~by can-.idering the I Jmiting condition x - c in the 'various examples dealt
with in dotad2, i.e. the -ectangular and triangular wings, it can be seen how
the genera tepressions tend to the simple ones. For example, if we tam the
triangu.1ar Yrig perfor.Jnmg heaving oscillations, and retain the notation of
ref. T5, we have, asx

EK(K4) - - - :. ' (2,5)Is2 2

Al;v -rci(1)of ret. T-38,

A-m) (26)

-15 .
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Pi= these relationships it follows ha'i for laralues we may approd.-
m!, 'rthe funoticaaa of equations (74) and 78) by wriAng,

arA her"e retaining only the ters ~~eir'~(r in equation(8) 4&rriw~= of "adr' (8 ,
arriwe at the approximation of equation (80) of ref.1, that is, the well-kown
downash delay approximation of section 4 above. Retaining terms in it is
eani2y hown that for other than extxe positions of the aixraft C.G. the
ap'oxination is reasonable over a w~ae range of tail arm length. This is con-
fi..ed by the rumerical results given in ref.X, sone of which are reproduced
here ts Figs. 12 and 13."; . . ...

o.bodyv corbiztions
*'There exists no aoluticn' of -the problem, of, the oscllating iig-body cm-

bination in general. If, however, the wing-bo oobination is. slender, we can
Use the " slender wing theory" approach. Results f6r vari6us bodies in ocadbina-
tor, wit-h delta wings are given in refs. T27, (Noriyeiaar) and T)4 7 (Henlarson).
Although it 'may be possible to obtain solutions on the basis of linearised
<t.eer? for wing-body corbinations at supersonic speeds using methods ajready"
avaiLable for the steady flow problem such a procedure would involve con-
sAderable labour. Ref. T47 suggests a means of constructing an approximation
to the solution of the problem of the oscillating delta-wing-bdy cozblnatin

hi'c l axl asPect ratios at supersonic speeds, based on the results of the "slender
WiM theyt " Comarison of these approximate results in the case-of steady
LUft suggests that the approxdmation h z some value, bu the experimental data
afo osoillatory deri-tives (Figs. 20,21,23) do not seem t6 be so encouraging.

A- It should be noted that the configurations studied in both ref a. T27 and T4 7are Ouzh that the boy ends at the wing trailing edge.

6 Wis of fini.u thickness

In th Preceding aeotions we have discussed tbb solutions based onthe
negVaot of thilcaess of the wing as well as the viscosity of the fluid.. Just
as 1-., the ce.ae of the ateady flow derivatives these assumptions can introduce

-. qs i .s reason i is perhaps opportune to

vat%2us (s obatief4-ions as have been made before we make some cwampisor.
of" theoro e a eJxpdecrimeet.

&ozentin- ,, al-I avail le work is confined to ahe two-dmnionali case.T a oaw-!iest athe ,t to) ino! xe the effect of thiOV1.eas arA viscosityf is due
to w.p. Jonss T23, arA ^.Ls based on the use of an equivalent thin aeraool, whose
slope is determ. ",ot. in such a mannrer as to yield the expe:od steady flow deri-
vati.von %as obtained e---= exeiment or gener'alized data). This device was
,t'ied to calcu-at-, the oscillatory derivatives for a Joukoskj aeroroil in an
3-. ,=prenuibla flnai, but he method is quite general, and can be applied at all

'lQ~Y! ortionz.
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H l o'ds takes he-unera ing notion of the Jonesht'tO a
i . d & thoa 'whi in effeot deals separtely with thicknesa and visoCosit.
in tUis theory the ztar stagntion point is allowed to oscillate. about the

%,t.lrg edge in !iase with. the local relative innidenoe, and with an aJqpli-
.iid detertmined by equating the ste&Ay theoretical lift derivative to it ,
axpetrimental value, -hermore tkA positior. of the "profile. centr" (mid-,
chord point for flat plate) is adjusted to give the experimental aerodnami,
centre. in as much as the-flow around_= aerofoil oscillating in a c:n-
pressible fluid can be related to a flowin -an incompresaible fluid we- can

/:dea! with the problem of the two-dimensional aerofoil at subsonic speeds in
thi3 a. Woodst results axe in good agreement with Jonest for the JoukwskL
aeraeoil (19% t/o), ard indicates that -mo can be reduced by as much as 2c%
for aerofoils of half tihis thickness-ohord ratio and more conventional shape.

At supersonic steeds there had been a pumber of atteia to calculate
the effect of thi'.kncs. These attempts are discussed in refs. T29, 30, 31,
34, 35 and ref. T30 describes a method of calculation, which is thought to bo
goera Ily superior in accuracy to the others.- Although the method is appli-
cable to arbitrary frequency, and aerofoil profile the results given refer
mai2y to slow oscillations of an aerofoil of arbitrary profile, since com--
'parion with an exact solution indiates that terms of hier order ta the

In the supersonic theory just mentioned the effect of thickness alone is
all th1wt is considered, and it is of Interest to note that this effect can be
elther stabilising or destabilising depending L-a axis position, but is /..
generally small for thi kcnss-chord ratio of the order of 0.05. The correo-
tion terms are proportional to the thickness-chor ratio, and added to the
"thin-aerofoil theory" result. The nature of the correction thus differs from
that for subsonic speeds, where it takes the form of a positive factor and
Iagsin since the, "thin aerofoil theory" gives a tendency to unstable m6 deri-
7ativ for forward axis positins the effect of thickness can be in" either
senise. It may be possible that as experimental data accuxnmulate to adapt
Woods' approach to the supersonic problem and so obtain the combined effect
of thic!.ess and viscosity. Alternatively the use of an equivalent "thin
aexreoil" suggests itself., * . ." , " -. , -

All the above refers to -vo dimensional flow, and its etension to wings
of finite aspect ratio is very much an open question. Portunate,y, with the
trend tovards thin wngs (t/c 0.05) the effects discussed wil.be smll
e:,Jagh to permit cf even the crudest estimate of their magnitude , in which
caeu a correction in the form of an additive term or a factor may be fall that
is required for design purposes. 4 ". + -. ,

E( Eerimental data and comnerison with theory

A number of experinental techniques has been employed to obtain measurec

va-uea of the- derivatives discussed in this note. These are:- , -

2 Grourd laumched rocket models.
()P'J.i &cale flight tests.
4) Win flow rcdol tests.

In (i) arAd tr a esser extent in (4) the centre of gravity of the airoraft or
the ax- _oition can be changod over a fairly wide range. This opens up the
. .ssibil.ty of ..- g the effect of axis position on a certain derivative)
ze'y m , a d fur Iwr to obtain all the derivatives of section 2 independ-
entiy. 17 (2) -zd (3) are generally much less flexible tecl.'iquaA, and in
(2) we are ofton faced with testing at the wrong centre of gravity, ard for
an uflepre3enta1i'/, ,arzLrn of inertia coefficient, '. It is, therefore,

- 17 -
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poe.ps appro-rislte at this point to-.icate how derivatives ref -o one

axis position m-o related to those at another'axis position. ?=s equation (5.5)

of' xe. Ti? w have on separating the real and' ima0 ry parts (these equations

+ , Z, r,

( , - - p
M - z.. ..

m0 m 0.0-.(zo., d -%())h - W220

z oo-z ,0,0h

- - (%0 +m- % )h + 42 2

aiA hence '-,--1i.-~~

'Ad A;Z1 I4

In these equations W is the reduced frequency, h is tb3 i=cdimensional dis-

ta-ce between the axes considered positive if the new axis lies aft of the

oriinal &Ais, and the suffix or index (0) denotes derivatives corresponding to

the original axis. It is thus clear that a designer may have insufficient data

to even assess thu order of the damping in pitch of his aircraft from an "ad hoc"

test. In terms of the above equations he may have a value of m, 0  and zw.

T o estimate m5 resort must be made to theory in respect of 0 at any rate,

vh~io %(O) can be obtained with the necessary accuracy from generalised

experinental data, and theory, in the absence of test results for the design

being considered.

Before mncaelng with a comparison of calculated and nieazu~ed derivatives

we nota that all the above experimental techniques have drawbacks. The wind

"MrV33. test has o strike a ccmpromise between adequate scale, and unknown and

-.oss lj lsrge tunnel wall constraint corrections. In the ground launched rocket

sr._del the disutance which is analysed as though it occumed at constant fozward

s*eed in fact takos place when the model is decelerating. The validity of this

an.jysin is Uis open to some doubt. At this stage, limitations of tue instru-

at-tation, ard the inadequate recording of small unintentional control movements

together wi ti any aeroelasti effects set a limit on the accuracy of the flight

test results. Lastly, the very aMall size of the models used in the "wing f21o

tednique m'ans that the Reynolds number in such tests is so small that without

considerably impro-iAd understaring of the interaction of shock waves and boun-

dary layer such tea s yield results calling for careful interpretation.

C -D8-
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7, 1 Tests on delta wing tailless aircraft (Avr6 07 Pairey 103. EP 111)

Test-, using all the above techniques have been made on a "delta" wing
aless &ircrafll (Avro 707) whose wing planfom details are given in Fig. 7a.

In view of this An extensive set of calculations, the results of vzhich are
s8uwrlsea in Figs. 7 and 8, were undertaken so that a complete comparison is
oz w or less oslble'for this case. We still lack the complete set of deri-

vativcs, but wme do have' results at two ormnre of gravity positions and over a
Mance ofMach -r~bers.-

The o=ves (Fig.7) show at Mach numbers not near to unity, the parabolic
varda Lion with axis position. Near sonic speeds, however, we have this para-
bolic relationship only at constant w. On Fig.8 is shown the variation to
be exrpcted with axis positLon, when (i takes the theoretical value corres-
pondirG to the given axis position. This value of w is given approxizately
by$ ______

.- (32)

arA for the aircnaft in question [ is talmn as 71.435 and JB as 0.377 for
the firmts test flight data, but with ji increased to 74.49 for the RAE
tests. A full delta wing of the same leading edge sweep was used in these
calculations.

A slightly modified wing was used in the calculations at supersonic
speeds to ease the labour involved. The effect of this change in planform is
unknown, but purely on the basis of the very limited extent of the change, is
thought to be small enough for our present purpose.

The calculated derivatives, with due allwanoo at sonic speed for the
crfeot of o, are compared with those deduced from various tests in Pigs. 17,
18, 19. Bearing In mind the limitations on accuracy on both the experimental
and theoretical side the agreement is encouraging, as is also the implied.
agreement of the experimental data. .. m f -

Another delta wing tailless aircraft with a higher value of sweepback of
the leading edge (the Fairey ER1O3) has also been tested using the "wing flowu
teclnique. Altb'ough tests have been made with transition fixed and free only
the results from the transition fixed tests are considered as it is con-
a~der.d these w!iY be more representative of behaviour at higher Reynolds
1.uamber, azd air,:aft conditions. Here no direct comparison is possible, but
the a.ps~at estimates based on other similar planforms &P i icate that
m'oru exact calcmlations would give results in as good agreement with the
oxcrpimental data as would be expected (see Fig.22).

The 45 aert delta wing of the Boulton-Paul aircraft gives an appre-
ciable reersal in sii of m at near sonic speeds. For this oz only the
subsonic vales iv.v been calculated, and these are compared with the flight
teab d-aa in F-4,16. The agreement of theory and experiment is again
rea.woably gocd, anld a fairing of the results at subcritical Mach numbers into
the eeie salue reproduces the measured transonic variation.

ExrerIments have also been made by Bratt, Rayner, and Townsend on two of
U.P. I. azal arcame of the results are reproduced here in Fig. 26. The agree-

metxt ttithn the.eetical values is not good in this case. It is difficult to
state at 4s 3tage the reason for the dicrepancy) but it may be noted that
no tunnel correcUions oan be applied, and that the Reynolds Nurber of the
testa -Ims lam.

-19 -
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Rel~. B2 yTobaim sibesw -t.nel et o sc .1;!!ting, i~es with
dalta wings Of aspect ratio, 4,'3- and, 2 fitted with -bodies anei osi 11atinj4 about
'The results- are summarised here in Figs. 20.,21$ and 23, and a limited number

F,_ of'.resulta from theory are-shown,, for comparison. It 'is seen that al. but the
aspecot ratio 2 delta wing suffer a reversaX in sign of butitmustbe
remembred that the magnitude of the reduced frequency, W 'is quite unrepre-.
sentative. At supersonic speeds the estimated values agree well with the test
results, but. at subsonic speeds. there are too few data to deduce much, except
perhaps for the aspect ratio 2 case with the axis at 0.567 cc when the agree--
Ment is roasonably good at all speeds..

Same results are a-mailable (ref. E28) for a range of frequehcy parameters
ani Mach ru.hbers for two delta wings (A - 2 and 4) oscillating about an axis
hrough the midchord point of the root chord. Owing to the fact that the fre-
quency, Mach nmber, and Reynolds number could not be varied independently it
is difficult to isolate the effect of any of these. To fit in with the general
scheme of presentation, the results have buen plotted against Mach number

V, rather than frequency as in the original paper. As can be seen from Fig. 25
there is considerable scatter of the experimental data. The ir-an values of m4
are some 7C/ of the theoretical values.

Two sets of experimental resultsEiO, 3 1 obtaincd by the use of rocket
V models, and shown in Fig. 24 complete the data for the tailless delta wing

oonfiguratioru There is considerable scatter of the experimental points, and
so little reliance can be placed on the numerical values in both tests. These
tests do, however, bear out the general conclusion that for typioa1~centre-of-
gravity positions the damping in pitch =uld show no marked loss at transonic
speeds if the leading edge sweep is of the order of 60'.

7.2 Tests on Arrowhead wing configurations (Refs. E6, 7, 8, 14, 17, 18, 2,
22, 24, 25, 29)

Experimcntal results are also available for arrowhead wings covering a
range of shapes within the following limits: 2.24 < A < 5.5, 370 r Ap < 630.
Of these, five wings have been tested alone or in combination with a body, the
remainder are complete models or full scale aircraft. ..

toking first at the tailless mcdeis we note that for sweerback of the
order of 4.50 and aspect ratio between 3 and 6 there is a marked tendency to a
reversal in sign of *a at transonic speeds (Figs. 26, 27, 29, 30, 31). At
subsonic spe ls -4 increases slightly with increase of Mach mnnber thus con-
f irming the trend predicted by theory. Comparison of theory and experiment on
a wider basis is. diffioult, the sonic case being at present unsolved. The
supersonic speed case admits of at least approximate solution, and here also
*he experinJeit follows fairly closely the trers indicated by theory, see
Fig.27. Little can be said about the effect of increasing sweepback ard
reducing aspect ratio in the absence of both the necessary theoretical results,
and test data but the isolated case of the English Electric wing of aspect
ratio 2.38 ad A? = 6OP suggests that the beneficial effect of both modifi-
catior ij a- general result, see Fig.26.

In Figs. 29 and 30 are shown the results of tests on wings of aspect ratio
3.0, mve-eback 350, and of thiokess-chord ratios 0.06 and 0.105. Small and
lAr&2 scsle -xndels were tested with smooth and roughened surface at the leading
edG. Thare is some effect of thickness-chord ratio at transonic speeds but it
is not easily isolated from other effects. The main point of interest is the
large scale ez:fect for free transition as opposed to the comparatively small
effect with ft.xed transition.

The wliion of a tailplane has considerable stabi2Using effect on m,

see Figs. 31, 32 and 33. Therefore it is to be expected that the rocket model

- 20 -
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tersL of tailed aircraft having wings. with, sweep of 4I5o ormore Should
ab.ow Li!t,l varition of mI. with Mach n atber. -trasonic spoeds.' Of. the,

testdata, presentbd in, Pigs- 31 aria 32 the only 'point that calls for special..
osment is the amII'Jiffernce that exists, in the curvoa of m* of Figs.
o31(b) 32 5(b), 'at transonio smeeds (6.85 < M < 1.1), Vhert he first, refers
to anLy iraft with. of' aspectratio and'high sweep, a hence ..
sumahly with no marsd loss of wing damping contribution, at transonio speeds,
whilt the second id for a wing of moderate sweep and aspect ratio. We ray
be pe--mitted to deduce that the tailplanc oontribution to m4 is larger in '
the latter case, axAof such a form that it offseta the loss of damping that
would be expected for the wing alone. This is in agreement with the tre.-A
indicated in section 4.2, and by calculation for the case of a delta wing-
tail combination (see Fig.25).

It should be noted that these model tests refer to<&lasti6 models, and
so cannot be compared directly with theory in which we assume rigid wing eta.

7.3 "Urswp~t" wings with and without a (Refs. E11, 12, 19)

Those wings ha;ving veiy little sweep of the mid-chord iine w be
classed as unswept. Theory and experiment suggest that for representative
centre of gravity positions such wings would exhibit a tendency to reversal
in sign of m at transonic speeds. The only test data available on a wing
without taal are presented in Fig.28. However, the addition of a tailplane
should give a contribution sufficient to smooth out the drop in m, and the
only available data collected together in Fig.,31 show the' in this case there
is in fact a slight increase in the overall m at transonic speeds.

7 .14 Ca nad air r f .. . . 4 '' '  . . ,'% . .,..

The ct';1rdor tail ahead of the wigaothas not been sbad~ed to
anthing lke he same extent as the more conventional tail aft layout. In
the normal canard design the foreplane lies sufficiently ahead of the wins
to be v-itaally free of the wing's indnced velocity field. The contribution
of the foreplane is thus almost entirely to the mq derivative, and can in
most cases be calculated on the simplified basis discussed in section 4. This
layout of the aircraft implies a centre of gra:vity ikell forward on, or often
ahead, of the wing, which meafis that the value of the wing contribution to
-m is appreoiably larger than for the centre of gravity positons associ-
ated, with t13fless or tail aft designs. This can be seen from equations (30)
(since tae z2 becomes the dominant term in the 3xpression for mi), or
frcu aay of the figures showing the effect of axis position on m. (Figs. 4
to 7). Nob all this wing contribution will be realised in practice, since
our azgunment does not allow for the interference effect of the foreplane on
the mainplane. Nevertheless the canard design would be expected to give
greater danping in pitch. This is borne aat by the solitary experiment
(Ref. E3 Vitale and McFall) comparing th6 two layouts for a given wing,
ad tall &.cmeb:y.

8 Disat.on and conclusions

In Uwe rrecedir3 sections we have discussed mainly the damping for
oscillatlons around a very small, or zero, mean incidence, and for a very
limidtr roange of amplitules. Oscillation about a high mean incidence and
over a lnrxer amplitude can have pronounced effects on the damping (see
Figs. 37, 34, 22, 19 a d refs.E16, 20).

The appreciable effect of the amplitude of the oscillation is confined
ainly to the transonic speed range, and may be associated with shock wave

e.vemnt and separation of the flow behindA the shvk. At low Mach rwmb r
thiz of,2ct is only slight.
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iiA daha o' f 'ref. El 6 (Ba)" (se als Fig- in't toar

atosin th mii-npitch derivative', m, 0with increase i.the ~ni~

dence, but bebause the sverity of -these vari.ations is m6r rar1s& at.lower

Reyo~iS nmbe, ad t ~sono Mch uf3, adthe fact that-& large1.arls from ,o e at n- t -w ..gleading edge 'atsm&.8ler Reynold9 hmrber,

4-it -is doubtful whether such l1arge effects would, be present in full sca flight-
qj,

.. . -y .. o.sible td,- some. a for suc effeots theoreticaflY

by use of methods such as discussed in section 6, of. ref. T20 The three-

dimensioral problem is, however, an extremely 
complicated one regards the-

fonxmlationl of'.uivaleft thin wings., W a~

,A third effect zot so far. brought out' is the effect &f change in the fre-

,uency of the o'scil2ation""NO general {xerd is apa,,ent in.the data available

* at rresent' (see Figs. 19, 22;. Z5 and ref. M16 (Beam))'..

Another feature of the test results examined whirr calls for oommenn is

the fact that in tests of ce -tain wings (e.g. FigS.L 37b, 20, 21, 22) the damping

Sbecomes rarkedly ncn-linear with angle of. incidence. For the tests related to

Figs. 20 and 21, the damping is stabilising at an incidence of 50 or. so, but is

reduced as incidence is reduced leading to a steady osoillation of amplitude ±10

at an incidence of io. Such a steady oscillation could be an embarrassment for

all classes of aircraft. A plausible explanation based on the assumption of a

non-linear variation of *the steady pitching moment (caused by flow separation

arising from b6undary layer shock wave interaction) is put forward 
by Beam in

ref. E16. It is perhaps of significance that this effect was not observed.on

the delta wing of aspect 
ratio 2 of ref. E20 (Tobak). 

h I

From the data available from theory -and experiment we can draw the follow-
.: ' ing conclusions.:- 

. ."

t. As outlined in the introduction the damping 
factor of the short period

oscillation in pitch is given by-. -:
M. A

Of the derivatives involved zw  generally retains the same (stabilising) sign

throughout the speed range, but for wings of moderate aspect ratio and leading

edge sweepback of the order of 550 or less 4 will have its sign reversed at

transonic speeds, whilst for wings of lower aspect ratios and higher sweepback

there is no such reversal. The addition of a tailplan to the former set of

wings seems to bring about a siailar improvement.th sli n a c ang in i

ieon the sign of m4 becomes destilin the effect of hng ni

is in die opposite sense to the usual, that is, decrease 
in 1B now causes the

damping to be reduced. Since outside the transonic speed range the effect 
of

chang-ri, in is normal this means a more pronounced loss of damping at these

spe e'la see igs. 35, 36).

2. The present 1kowledge of the effects of amlitude, mean inlience and

f' 7(which are most marked at transonio speeds), is insuffiuient and

fuh;.e test programmes need to be planned accordingly.

3. The discrepancy between the simple approximation 
for the tailplane

oontribution based on "delay of steady flow downwash" and the more exact cal-

culations given here is sufficiently large to 
call for an experimental check.

:oreover, the highly ccmpllcated pattern of the separated flows around wings

of considerable sweepback at moderate to large incideneo will necessitate the

testing of a number of up and dovn tailplane positions.

22 -
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4. The ocoparison of available experimental results with theoy is
, .enouging inasmuch as the theory gives & aufiiently accurte astim&te at

subacio axd. supersonic speeds while indicating trends at transonic speeds.

5. lttm (if) it ± oncluded that a n lattemptsouid be made toetedthe sonica theory to covEr all planforms,. and that a systematx set of a.I-. F
lcuations should be undertaken to provide a basis for the ;reparation'of

estimtion charts. This calls for the use of automatio c ting machinery
% bring tba time taken for the task within reasonable limits. , ,-

6. Asis t be xpocted 11ultbopp's approach to the kubsonio used
flow przo 1  becomes u reliable at stream Mach numbers near unity, but the
calm-jaticvs for the limiting oase of zero aspect ratio indicate that his
general method of solving steady flow load distribution prclems (to which
the unsteady problem can be. generally reduced) can be used with praotioally
no restriction It, thus, seems that we have the means available of obtaining
solutions thrxoughout the speed range, and where required for any frequency.

It zit be stressed that while the existence of these solutions ShoW,
that linearisation of the troblem is possible at transonic speeds, their
interpritation in terms of results for wings of finite thioiess, in a viscous
fluid, azd with shock waves present requires care. All that can be hoped is
that they will indicate trerds with change in wing planfarm, and that they
will form come ki of bcund to the values of the derivatives for. actual
wings. The results presented in the aomperison of theory and experiment
indicate that the sonio solutions given there do assist the designer in this

;piii ______ .. . ++ +. m+,+.;

b|
" 31 01 D"co " eList o Sybol s equat"cn$(2) '

A wipect ratio ,

a lift curve slope

bing spa (ft) '" "- "+ "

,Dooefn e o tbiycuic, see equation ..

0L  lift coefficient.

0 m pitching mcment coefficient

British mean chord V)

o "Aerodynamiol' mean chord

dow iash function, see equation (11.31)x

h . axis position measured from wing apex in terms of mean chord
(positive aft)

'B  inertia ooef'fioient (about y-axies)

I ---- 4.thalpy (acceleraticn potential)

P

- 23 -

CONFIDENTIAL - DISCREET



- I

.- ~ -- Report o Aaro 2.561

4 ach um it -ain

1!. dimensional pitching r of change of w

(steadyr) rotary damping derivativehin pitch (dimensionless, sea
R&M18 oor Appendi:I 111)

itching moment derivative due to rate of chane f w
diensionless, see Appenidix III) e ofl t

zi or+ full rotary d uin te ady ive (im j'lt n (e pni--

r. =2-, frequency of oscillati e ion (see'

no4 - reduced frequency
T

q rate of pitch (radians par seo)

4 di ensionless rate of pitch

agelevator fixed dampii' Fator of short period oscillation

- 24- :

(dimensionless)

*S gross wizng area (sq ft)

.~ ~ 'r tim (sCONIETA -DSRE

unit of aeroynaic tine (e)

Vvelocity (ft/ircra) in ).~stube flgt orree strear
velocity of aicrftusiteedfigto

if weight of aircraft, lb

wincrement of veilocity along z-axis in disturbed flight, ft/sea

dimensionless, increment of incidence in disturbed tlightI

X:Yfz Cartesian coordinates

z force along z--axis of stability sy~tem, of axes

z-force derivative due to steady pitching (see Appendix III)

z-,forca derivative due to rato of change of r (see Append.ix III)

I z+ Ak full nor=!l force derivative in a rotary oscillation (see Apendix

a wing incidlence) radians

C. dowzrvash angle at the tailplara, radians

e angular diaplacement in pitch fIrom e~quilibrium positionp radians
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! List Of Symrbols (Cont&)

0 angular displacement in pitch from equilibrium positl.n, in
space fied system of axes redyin . - -- -. .

00 amplitude of the rotary oscillation, i. e. maxiwu value of 0

, a, g eg sweepback _gJe "  
-,

,4ad ede -7#.., •g , , ..='U-

- -re lative density of aircraf- I

p air density, slugs/cu ft

dimensionless aerodynamic time

~dimensionless coordinate in Appendix 1.

the notatilon of these papers bas been used in Appne s I and II so tha
certain basic relationships can be merely quoted.

thehe

No, Author Tile, et .

TI G. Temple Modem developments in fluid dynamics.
('VOL LU, chapter, M Unsteady Motion Mac 19.50.

-ARC 13,024.

T2 John W. Miles The application of unsteady flow theory to the cal-'

culation of dynamic stability derivatives.
Aero Physics Lab. Report AI,-957.
North American Aviation, Inc. Sept. 1950.

T3 7.IM Cowley Th feto h g of the l2Wnasho h 1951i
H. Glauert tudir~al stability of an aeroplane and on the rotary

deri- tive . - -
R & M No. 7i8. 1921.

Vi. S. Neumax-k Analsis of short period longitudna oscillations
of an aircraft: interretation of flight tests.
RAE Report No. Aero 2479.
R & 1! 2940. ARC 15,6C0. September 1952.

T H Ifulthpp Mathodz for calculating the lift distribution of
wings (subsonic lifting surface theory).
RAE Report No. Aero 2353.
R & U 2884. ARC i3,439. January 1950.

T6 ILO. Garner Multhopp' subsonic !fting.,surface theory of wings
in slow pitching oscillations.
ARC 15,096. July 1952.
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T7 WP. Jones The oalouJ~tidn 'bf aercdynamic derivative coefficients

;eN'for. wings, of any pladifonn in non unifor mortion.
T8-. R & 31 2470, ARC 100142. December,1946. ,

TS D.E. Lebriai,-' 7 Aerod ,mi cdo~fficients for an osc3llating delta wing.
~~' ~ ~i-t &:' i'j95~ 28)+1. ARC, 14,115 6. July 1951.

T9 D.E. Lehr.AXV Calculaticn. of- stabili Jty derivatives f or oscillating

. ARC 15,695. Februsa 1955.

TIO H.R.' Lawrence -... The, aerodynbmictf oroes on low-aspect-ratio wings

E.H. Gerber oscillating in an incompressible flow.

S Report No. AF-781 -A-I ; P40578. JanuarY.1952.
Or Journal Aeronautical Sciences Vol.19', No.11.

..., ~ November 1952. -

T11 W.P. Jones Oscillating wings in compressible subsonic flow.
-- ~ -- ~R &M'L2855. ARO 14,336. October 1951.

V12 K.W. Mangler -A method of calcul1ating the short period longitudlinal
-- .Q'stability derivatives of a wing in linearized unsteady

compressible flow.
~'-PRB Reporh Aero 2468. ARC 15.,316. - June 4952.

T13 S. Neumark Two-dimeansional thed'ry of oscillating aerofoils) with
''* :. application to sbability Z&erivatives.

R~AE Report Aero 2449o ARC 14,889. Noveaber.1951.

V14 J.W1. Miles Unsteady flow theory* in dy'namic stability.
S- Reader's For=m, Journal oaf the Aeronautical Sciences,

Vo .17 N, p.6, ,S. .

115S J.W.. Miles - On the compressibility correction for subsonic unsteady

Reader's P orum, Journal of the Aeronautical Sciences,
Vol.17, No.3, 9.1,81. 1950.

V6G I.C. Statler Dynamic ,stability at high speeds from unsteady flow
theory.'
Journal of the Aeronautical Sciences, Vol.17, No.4,
P.232. 1950.

T17 S. Neumark Theoretical requir'ements of tunnel experiments for

'I W.J.Thor determining~ stability derivative inoscltory
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, 20 F/Lt L.C. Woods lift and moment acting on a thickaerofoil in
S. .,:U.. .U.tad motion.*-e~G L\

..... a :g : JfAC- 15,667. -xFebruAY 1953.

T21 I.C. Statler Derivation of' dynamic longitudinal stability deri-
it. - :0rv vatives for subsonic compressible flow from n

' .tationary flow theory and application to an F-8QA
airplane.

-Cornell Aeronautical Iaboratory, Inc. TB-495-F-9.
March 1949.'I T22 ILN. Stone Aileron characteristics and. certain stability deri-
vatives for low-espeot-ratio wings at subsonio

*speeds.

Cornell Aeronautical Laboratory, Inc. Report No.
AF-743-A-3. P42291. July 1952.

T23 W.P. Jones Aerofoil oscillations at high mean incidences.
ARC 11,502. R & M 2654. April 1948.

T24 W.E.A. Acum A brief survey of the present knowledge of the
aerodynamic derivatives of wings in unsteady motion
at transonic and supersonic speeds.
ARC 13,863. CP. 85. _March 1951.

T25 K.W. Uangler Calculation of the pressure distribution over a wing
at sonic speeds.

* RAE Report Aero 2439. .

ARC 14,642, R & M 2888. September 1951.

T26 K.W. Mang:Ler Improper integ-a"m in theoretical aerodynamics.
, • RAE Report Aero 2424-. 1! , 4t*'i

• ARC 14,394- P 94,. June 1951.

T27 T. ffonwmiler Theoretical stability derivatives of a highlJy swept
delta wing and. slander body ccmbination.,
College of Aernautics, Cranfield Report No.50.

ARC 14,597. November 1951.

T28 W.P. Jones Supersonic theory for oscillating wings of any
planform. - S 

°

R & M 2655. ARC 11,559. June 1948.

T29 W.P, Jones The influence of thickness chord ratio on supersonic

derivatives fcr oscillating aerofoils.

R & M 2679. ARC 10,871. September 1947.

T.', M.D. Van Dyke Supersonic flow past oscillating airfoils including

non-linear thickness effects.N NACA TU 2982. ARC 16,6,. July 1953.

T31 WE.A. Acum Note on the effect of thickness ani aspect ratio on
the damping of pitching oscillations of rectangular

wings mvi at supersonic speeds.
ARC 15,64. OP 151. May 1953.
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NO. Author , Title, etca

- - T32 P.S: W- s Theoretical lift and damping inrol! " .er ... I
- K. argL. -L speeds of thin sweptbapc tapered wings with stream-

H.S. Ribner Is';- ii"e tipn, subsonic leading edges and supersonic
--'-: 4-.~~"- ~t~r" . .. . sailinn edges. - " ..

NACA Report.970. 1950... --. > '

-:.. ,-NAA TN 1761.. January 1949.

T33 P.S. Malvestuto Theoretical stability derivatives of thin sweptback
K. Margolis wings tapered to a point with sweptback or swept-

.- '.:forward trailing edges for a limited range of super-:: : :-- -' wSnic s-oeeds. .. ... ,

NACA Report 971. 1950.

T34 J.C. Martin The effect of thickness on airfoils with constant
N. Gerber - -vertical acceleration at supersonic speeds.

-' Ballistic Research Laboratories Report No. 866.
P43359- MaY 1953.

T35 A. Wylly A second-o'der solution for an oscillating, two-Sdimensional., supersonic airfoil.

.RAND Corp. Rep. 1951

fT36 .S. alvestuto Lift ahd pitching derivatives of thin sweptback
D.M. Hoover tapered wings -with streamwise tips and subsonic

, .... ; eleading edges at supersonic spoods. "

SNACA I 2294- February 1951o

T37 -. S. Mavestuto Supersonic lift and pitching moment of thin sweptback
D.M. Hoover , tapered wiings produced by constant vertical aocelera-

tion. Subsonic leading edges and supersonic trailing
edges. .-. " A

NAGA TR2315. March 1951.-'..

nA theretica ivestigation of the aerodynamics of
U.S. Diederich wing-tail combinations performing tine-dependent
P.J. Bobbitt motions at supersonic speeds.

NAXA TN 3072. May 195Ni

T39 H.S. Ribner Stability derivatives of triangular wings at super-
P.S. Malvestuto sonic speeds.

NACA Report 908o 1948.

T40 S.M. Harmon Stability derivatives at supersonic speeds of thin

. rectangular wings with diagonals ahead of tip Mach
lines.
NACA Report 925. 1949.
NACA TN 1706. November 1948.

T41 J.C. Martin Calculation of lift and pitching moments due to angle
K. Margolis of attack ard steady pitching velocity at supersonic
I. Jeffreys speeds for tIn sweptback tapered wings with stream-

wise tips and supersonic leading and trailing edges.I NASA TN 2699. June 1952.

?i
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T42 A. Robinson ' Bound and trailin vorioes in the-ed theory

J.H, Hunter-Tod Of sUPersonio f lijw and. the downwash in the wake of

A i " R ii,296..'.-R &! '2-9# October 1947. .

T43 J.C. Martin•h caculation of downaah behin l s of arbi-
Jdi..ite-T t orary planform at supersonic speeds.

. NACA IN 21351296..Juy 19&50 . cte..7,. ;.,Mri h aclto o cmahbhn ig fAb

T4 H.S. Ribner Time-dependent. downwaah at the tail and the pitching
moment due to normal acceleration at supersonic
speeds. ....

NACA TU 2042. 1950.

T45 K.W. Mangler The short period longitudinal stability derivatives
for a delta wing at supersonio speeds.
RAE Tech Note Aero 2099. ARC 14 85. arch 1951.

T46 I.0. Statler Effects of non-stationary flow on super-onio dynamic

-. ,:stability characteristics including calculation of
tail loads for longitulinal siznsoidal motion.
Cornell Aeronautical laboratory, Inc. Report No.
TB-54.1-F-2. P39530. February, 1951. ,

T47 A. Henderson, Jr. Pitching moment derivatives C%, and COre at

supersonic speeds for & slerder-delta-wing and
slender-body combination and approximate solutions
for broad-delta-wing and slender-body cobinations.

"L NACA TH 2553. December 1951. - -

T48 J.C. Martin The effect of thickness on pitching airfoils at
N. Gerber supersonic speeds.

Ballistic Research laboratories Report 859,
P42265. April 1953.

T49 LE. Garrick Some research on high-speed flutter.
Prooeedings of Anglo-American Aeronautical
Conference. 1951.
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ta l-azpect ratio decribing

[ E3 T. Lawrene .2 , haa e i s tu of: hei aod anic periaies yforee a

SR, Harer.. : ±-:~flying models: Tests on oa tailless aeroplane with d i

,. . ; .t;; ' ." delta w'itZ (E27/46). - ,'

RAE Tech Note Aero 2220.. ARC 15,589. January 1953.

E4 J.B. Bratt easuremcnts of the direct pitching moment derivatives
W.G. Raymer . ._ foran Avro B35/46L wing and a DH 108 wing at transonio
J.E.G. Townsend speeds.. ARC 15,486.- December 1952 .

E5 D.J. Raey ,iow speed wind tunnel tests on a model of a revised
JG. Trebble ver:sion. of a dolta wing bomb~er (Avro B35/45).

. ,''- , .. ,RAEAero Report.246. ARC 14,286. March 1951.
.4 '10 i 7 t b£ ~ z

E6 J.B. Bratt %' ,-easuxements of the direct. pitching moment derivat-lv','
W.G. Raymer ,0for an English Eleo~xi transonic wing and a Boulton
JE.G. Townsend Paul delta at transonic speeds.

-", ; ; ' £a *.,ARC 15,206. September 1952. , , *

E7 C. Scruton . - Measurements of- the aerodynamio derivatives for anI L. Woodgate arrowhead and a delta wing of low aspect ratio
A.J. Alexander describing pitching ard plunging oscillations in

incompressible flow.
- ";.- , '.ARC 16,210. October 1953. "' , , :

-~E8 i7.0. Triplett Preliminary flight investigation of the dyn'amic lcni-1
R.D. Van Dyke tLxiral-stabiliy characteristics of a 350 swept-wipg

-.airplane. % -.
WlO./TI/25T?; NAM P31 A5OJOga. December 1950.

E9 M. Tobak , Exerimental dimping in pitch of 45° triongular .1,s,
D.E. Reese NAA/T1/2725; " NAA RU A30J26. December 1950.
B.H. Beam

EIO G.L. Mitcham Aercdyr, amic characteristics and flying qualities of s;
J.E. Stevens tailless triangulnr-wing airplane configuration as
H.P. Norris obtained from flights of rocket-propelled models ab

transonic and low supersonic areeds.

-. . c/NAW/TD2644. RU, L9L07,. February 1950.

Eli O.L. G0illis Preliminary results from a free-flight iwostigati-
R.F. Pek at transonic and suporsonio speeds of the longit,;'mvd
A.J. Vitale stability ad control charantoristics of an airplar*

configuration with a thin straight wing of asp3ct
ratio 3.
S : A]M/2390; NACA Rt L9K25a. February 1950.
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E12 C.L. Gilis Wing-on and wing-off longitulinal characteristics -

A.J. Vitale ofan airplane configuration having a thin unsaept
'- : tapered wing of aspect ratio 3, as obtained from

V1~j)b Ulocket-propel*d models at Mach niamber fi= 0.8 to,

- .. ;.V ' NACAAT/2911. 160K16., Mach1951.'

E13 G.L. Mitcham Flight deteziainaticiof 'th; drag and longitbiAJ1
N.L. Crabbill stability and control characteristics of a rocket
J.E. Stevens Mipowered model of a 600 delta-wing airplane from

.ach numbers of 0.75: to 1t70.
, NACA/TIB/2941. , NAOA RM 11104. November 1951.

E14 J.H. Parks .- Longitudinal stability, trim, and drag characteris-
A.B. Kehiet tics of a.rocket-propelled model of an airplane con-

figuration having a h45- swepthaok wing and an unswepib
horionta tail.

NAOA/TIB/3284. NACA RM I o2F05. August 1952.

E15 C.T. DtAiutolo 'Preliminary investigation of the low-emplitude
R.N. Parker -? -.,damping in pitch of tailless delta-and-swept-wing

configurations at Mach numbers fron 0.7 to 1.35.
N . AA/T]B/3286. NACA RM I2GO9. August 1952.

E16 B.H. Beam The effects of oscillation amplitude and frequency
on the experimental damping in pitch of a triangular

'--.-,wing having an.aspect ratio of 4. : . ,-
N - ACA/TIB/3347.. HACA Ri A5,O7. Septen er 1952.

E17 E.C. Holleman Longitudinal frequency-response and stability
characteristics of the Douglas D- 8-II airplane as

ni, determined fram transient response, to. a Mach number
of 0.96... AA:.-.

NACA/TIB/3495, NACA PX I5EO02. 'September 1952.

E18 E.E. Angle Longitudinal frequency-response characteristics of
E.L. Holleman the Douglas D--558-I airplane, as determined ftrn

experimental transient-response historie,; -to a Mach
number of 0.90. -- ,-' , ". - 4 &.'. .
=AA/tI=/Y415, IACA R 1K28. February 1952.

E19 J.C. McFall, Jr. longitudinal stability, control effectiveness and
J.A. Hollinger drag characteristics at transonio speeds of a rocket

propenled model of an airplane configuration having
an unswept tapered wing of aspect ratio 3 and NAQA
65A004.5 airfoil sections.
NA.A/TZ/3585, XACA RM 162LC4. January 1953.

E20 M. Tobak Damping in pitch of low-aspect-ratio wings at sub-
sonic and supersonic speeds.
NACA/Tin/3686, XACA RU A52LO4a. April 1953.

E21 S4 Faber A transonio Lvestigation by the free-fall methcd
N J.1L Eggleston of an airplano configuration having 450 sweptback
j wing and tail surfaces.

ItAA A/3758- 1A RM I&M10. June 1953.
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22 R;: Axbio Pe e-f light longitu.inatability invrstigatin .
A - V. GiJlese *-YinouTng -n effecta of wing eJlasticitV frriUaei

.. ' ' u nxbers of 0.85 to I.34 of*3 tailless missilo con-
45 epback wing of aspect ratc

F {AA/TM/38450 NAOA IR1! 153Pt8. August 1953.

E23 O;L. G ls" ' Sti.ro pchdring derivatives of."canpiebe air-.
p R. Chapnan, Jr. mpe ard issile configurations as measured in flighi,

. ' ',tat transonic ann supersonic speeds.

SNACAAR 12K20. 1953. -:

E24" A.J. Vitale " Effects of wing elasticity on the aerodynamic charav-
. ".-1teristics of an airplane configuration, having 450

sweptback wings, as obtained from free-flight rooket-
' " mcdel tests at transonic speeds.

E25"R.0NA TIB/3606, NAJA RM IU2L30. Janary 1953.
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S-A,'totiea Exrnsionn -for the, lnfluence
.zL~nc ,ions Of M'ulthoppls Subso--to Theory

In thiz appendix ms shall. derive- e a'nsions fcr the influaence ?uziatiorns
-5, iir.~1~ hch aply for laxge d istancos fr6ii th *wjg in th, longi

tmdiAnaJ dir-uct-i.On, brL7t .iTJhcut ---y def inite restriction of th-e lateral
ooordimba! i - These expansions enabla.w, . to- discuss the be~avioiir off the
influenca fuaiztioni3 uznder these condi-biors, aril in adait~oni provide arL
alter.nAtic means off evaluating the Irfluencs functic'ns, thb-s openir3 tip
Drerha-.ps a sit-ler approach to the general problem of downwash.

To a-roid n~king the discussion unduly long reference willJ be made to
results Cb~alzed n rof. *T.* - - ~ -

Onr startirZ point. is cqiation (T6.4.i) from -Which vwe have,

S

0 0

P(,-ec_-ing the integration. with respect to xo we ob tain,

r ;z v +
V )v ay 11

8V1-) A i (r y) 2

gl$V(1- 2) _4)

Yhere __I+ ,/(x ct)2 + (1I d)(YytJ -.3~~5

U0:1ptxran ('6 it ~.45) wu then s3te that,

co/+(x-xl )2 + (I-_-1)(y'-yt) I -"I L.!.

0

* Tho refecrcnce vrLU2 taIn !wh foma (T6641) wo the Geond set oe =2~:(=7
the -Yx-.btr of tha rolovant eqmi-ion of ref.T6.

-35 -
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Intr~.zcing the usual non-dimensional. coordinates)

c~y'2

ard the relationship between X1 am' 9~

we can rewr-ite the equation (1.4) thus,

iXy (I cos sP) (X4) (2 cs~ 12 p 2*
0

Introc.ucing new coordinates,

Y
X4 = (X- and f

we can write equation, (L..5), af'ter acme realuction, an

=~~~ ]' 'Tf. dp I6)

0

where f .S~.J

For large values of we can expand the integrand in the seccnd term to giw.,

2 2

c+s co-) 1 ( + )
0

-2 3~
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wit ~ ~ ~ ~ ~ ~~i phe rxaso tf the 6ul~efun o i,= 256e b)htfr1

' '" " ~ :~~6'x- I "D " ..

t6~
Inserting i equation aya fian -obtain the felong aayMtoti 1

-development of the influente function iiA,

(X) = (X-*) 9 ;b+r: __ (,)2

p" • ,., , - . . . '' , . , " -. '. " .J ~ .'

Prom thirs we see that as Xain o2(X4), 'aid further that by npding
with th expansion of the tiflwnce oftt 4 on i, given brlosf that for
values of X we may aoproxiate by writing, l o ...

-- I +

This approximation plays an important role in the development of the 8i1=r14,

relation for the tailplane increment in - see Appendixz II.

We can, of course, expnd the ft~nction jj sin aly. Again, ccn x-ari,
with equation (T64!wc have for jj, the influence fuiction associated wit'i

U. I ;o

0 2 -%t

jj(ct2 29+ 'p i--ct+ d
= 2 cp 0 0)0

f(os 9 + coS 2 I[(T4) DIS
0

Of the first integral the coefficient of (x4*) is zero, and3

(coo cp + coo 29) (2 cos yp - 1) d7

0

ExvpAndng the second integral we obtain integrals of the tympe

In' (coo39+ cos 2cp)(2 cos P -

0

whihfr n1,,on3 ive t, *~ai. respactive2y.

This yields the folowing expansion for large values ofXi

ji(x') i + +*2X 27(T2* 2

a. 10/1

-37 -
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Inserti talus fg elf u e o h, .Fio. are Am 'o'a, Zk -t h e r,

,3 2

Mul..h.pp.

14 / 2 - 32(142) /2 (X.4,
it 8( 32(1+

ro t a Xom a (SY 2h.bv xasosi s esnbet ups

fo Retur g to the. dc walh oquation for, steady flow we can reah:ly deduca
w (nila expansions for the firfluencer functiors, that then ocur, ± p ?r=1
These are, Vi n pr.n4 DIX _4

(+~ t) 3(04 2)/2 (X-) 2  
*

of which the first term clearly corresponds to cnentration of the 1ow at
the quarter-chord point, and, .os. -,

,. . ,

, (XI E l.2 '2+R3

8(1+ A (-4

It i.s easily shown that these expansions are equivalent to those given by
multhopp

Fron, the f-orm. of. the above expansions it is reasonable to suppose ~U
f or the purpose of caJlcilating dowmash at an appreciable distance beh-Laft thc4
wing (e.g. at tailane) the first te-m only Nyoul be adequate appro,_iisaio~s
to the fLnoticns. These approximztions are presentedI gzmphcally in Fig.9.3
and calculations of dcwnwsh referred to elsewhere in the text indicate that
they are in fact gocd approximations.

-38-
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-APPZlMT-C 11,

Downwash behi a wing~ torfcxin~ low. Titchinig oscillationsa

~.To simplify- the analysis, wemasumathe-win a A-tailpie'+,b be ooplnar

It lisoaxiseibl thor thlow osilaptions (oimp i~goly that emyaez=0 f ir n hri
genetoappliet equation (or he o) bjh A~ccrdng orating pointis . urx W
cten wa.te3),hc stts tha th-uws tapit xyO sgvnl

* ~ ~~~~ J. _ "Y' .1 ~~

I+ VL2 (~

1*~ ~ Rt~y e It .I2(.M)y.y2/

0~0

-(1- Z (x 71 ) 2 + (xt)(9 /

Ss + ±Y V)

v0_M2) Z(I"2M2) dfy

S6 [(c~ 2 + (_.2) yjr)

-~ .3v dx-
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h ifl te fu ing d; 62ia ar ioi eenogv h-

th e oing e to unit steady ithn about the wing r n.e

or inaldenee equal to n

v. -, 14" -T - + -  T  T  v -----r " ea

The corresponding incidence- gi-en by equation. (64.).

The integrals, of (M1.2) are evaluated nuineriaafl,y . after, intxodurition of'
the influence functions, i, J, ii, ard ii (see rf.6), giving the um..ntio.i-

W, b

i r st ? ) 2, e o (

b -= R * V b

. . .. j .. j

F-1 ~~~~( 4n( n+"'i'".)

whee heprime6 'on the. stmation symbol indicates that th tr fr zdioh
n = Y is excluided, an~d where and o correspond to the loading, ~

Replacing 6& by the loading &L.6 according to equations (11.3)
we rnow write,,*

o).1+ /1-2ki-{'\, i 'c 12 LZ wj

and ., .(r~

v72 ((14 2  1 V(I.1 eg) 2an

- nelecting tezmi

- higher order.

The secorA suf~fix denotes-the loading functions to which the particu-_ A -tri-

bution is related, e.g. V i tandbiseig and e for 4D*w a

in the first of equations (11.4). To evaluate the upwash we -,c;x~ tile
first part of equation (11.1) thus,

RZ R e + (i 0 )JI and also write,
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where by virtue of (T.75) -fit

.... C J"it t .2 k_ - \ Az8 ( ) ~

4, a4

= oF (x~) o ( y) +  Cx"

is in the thfor f orm incidence in a steady flow;

. - - '- ,, °

Iht t fomllows teqato en ffi oien t a that (he (11.6)iche isve

I taksum of th me tz 0£ cdene an The meah aus gien be deoe by o

R, oe eyFO)e s+o [P2  e2 Y, (-,

V V

Ot =  (1) + 1) +  2+

Iro tfh the ll at oh forces ano amcy on the reaircr f w i. s 'he.
Tht thieleamen iate inirdce aluf thentlasm tha the sti utLn : of

6(xY,. :ipj t  P + -P.

incidence defined by (M19) may be replaced by' a mean value, obane j'
taking a mean of and F2 . These mean values Will be denoted by borF;
over the symbol. We therefore write ,

- xI
~~iIV

from which we have, to the order of accuracy of the remainder of th.
culation,

The increment in the force along the z-axis due to the tailplane -4o.

t + U

.+,.z

Sub-tituti for and , aai reducing to the usual nEn-Tdienstcz-
derivative form we see that,I CONFIDENTIAL - DISCREET
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This may be simpifiod to yield the aproximate fo (e &Uions 18,20) di:st-"
cussed in the main text of the paper. The sim.leet of those (of. equation, %) t

Oar perhaps fdr a i f 66re aetalid disctuwaion here , but this is
'deferred until after the calculation of the pitching moment cont ribitiov. The
inrement in the pitching moment is, ," I

+ +-i )

1Im bthi (we12 rad.r~ (1.3) z ec rfr oth ervtie o

'+s ) + )z+- + " +-
C +,

t t2

isolated tail.

Returning no* to the approxnmate forms for fz and Am we note that
retention of the terms in z only implies a consideration of the brack,

t
o~~ + . -o ..

-- 44'444) I... .

At first sight there may seem little connection between this and the simple
expression (equation 14) given in the section on the tailplane contributions,
but we assume that the tail and wing are far apart, so retain only terms of
highest order in & or x. Then of the terms in P2 the only one which w,:
need consider further is that involving -21" Prcm Appeidnx I v se 4hati w

can approximate to ii by - i, and ii by 2 for sufficiently large vahu,.1u

of x. Ignoring the terms in . we are thus led to the approximation

w2, V x I
* - o 2 _ (JZLi4

IW "

Introducing this approximation, and ccobining it with the term in Wo R-0
that the bracket above can be written apprcwioately as,

Sx wii IJ. ,
with x s 4p and introducing the more familiar notation for the downwash f* :"
steady uniform incidence. This leads to the well-known approxdmation wi .u-
further restrictiors on M.

C42-
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We a 'e aealt w h thi problem of a ia lan nhb ion oz0 any
i " p .-nform 1 at subsonic speeds. 'At tla onio speeds there ,is -certain. to be a

' marked effect on the. dawash at the ta!lplane; and hence on- As& &YA b p
"" "due to the ,p-esence, -of shook , a- -son the wing. No an l t cal ap a mn .
":,iit pr a-esent deal with thi extremely complex problem, but it is yos-,;bia , asmentioned in the min t-M, to formlt tho linearisedinvisoid flon thec ;
'/(excluding shook-waves) in siuch. a manner that we can include sorbic speedl.

• .' At this limit the theory beomes appreciably less uiwie~y and the so ut ,has been obtained for delta wings by Mangler Ti2 , We shall now prIocee"
evaluate the downwash field of such a wing, and hene the contribtion to
zb and m . In ge.iahl for any wing we have that he upwash at a -oint(dyso) to ven by,'o ho e o th '"g" N a ia

W e*t (a complex ) eit is 1l )

where , t

TI 22

(x(xyO) isdy piveby,) I. * b

iii which,,

(=, )= (--e f =,(w, .fi[- e(i ,) -t

V .JiL I

-"ly (X--. - .-- s-,, r

-a S X4

+( f(f- ,) (I.16)

and,

S

4UL.(x',yx) xa-

since (x,y) lies outside the wing ard so we may replace the sana by itz,
argument. S i± wing area and Sw area of wake ahead of (x~y,U),

* The more general case of the cropped delta wing has been consiored by
Mangler and Thcmas but the (unpublished) solutions so far obta.,.1 br ~ f.L-,
in error by acme unknmown amount (probably not very pronounced) or v,'z,,L,
sentially orreot ir dicate that the higher order terms in w io hv.)
coeeo 'iients involving terms like 4-4% and 1/X (, - taper ratio Ze n
durirs scme expansions unsuitable for use at the small values o: 6, neaJLy
used far cropped delta wings.
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Now for the particul~ar family of wings we, are$oonsieriW i ae hfollowingsolutions for the modified loadings It, and L

where p--- 4" v,

i " ' 2

Kio '71) - F -- 7 a

&n 12x 2o 2 xLi (xty ' ) 20* cot a F s, 2 8a

and, finally,

The functions are now introduced into equations (TI.i6) and (ii.16a ,bc,d) ard,
the resulting integrals evaluated. We begin by considering an integral of the
form,

a~~y [fxt f'2 2 dx'dy'

"(,Y :/l'

y .ct

- ( Y-- ly ' I t - A 6

:" -f(° ') '' ' ' (n. 17)

We have to take the3 principal value of this integral w'hich can be shaa, ito be
--X for y < 5 (Mangler, ref.T26), a condition usu:lly satisfied by.' a otnt

anywhere on a tailplane.

As a special case we deduce that wr = -0 for all positive veluwa of
x > or arAdfor y < s. The next stage is to evaluate the various contrhbu-
tions to wi(x,y). To calculate F(x,y) consider the integral,

'I.

Or( N ) D R
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at

Thus

~ffLl /d&y - * dxi" (ii9"t JJ Lo f 1 (y-y') 2,mJ -y.

The area S is now divided into two regions S1 and 32 'cefined !D7
xt jyj tan AZI and.so we write,

[1 2 dt f &ff dy I
S 0 -st,

S. ,

o; Z,: A6  . i- 2 .yt 2.. /s&-yt dy t

-% (Ix.2o)

We have

a 2 y2 2 y .all

f 2dy'= -

(YY,) (y') at Y7 1

= - ,- - y tat
-Y _

d~y

In the region S, y < s& arA the integral on right is zero, bu, n Sp

Y > s. and the same integral has the principal value -"IL'. • i'ns

jequation (11.20) can be written,
-jyj 

t
4Pi2 dx'd5y'r .6,-fdc d tf +

S 0 0

ta A& 11, 2:21
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B " Combining equations (1--19) and (1.22), we have,

It

lrfrlci dx dy1
J.. . . . . " ... J Y-Y ;4 .

To/ coleto the calculation of F(:cy) we have to determi:e the fumction

. ., ('Y - L ,,y,)

A--, 'A....P_
, - -. 'A,

I" o _A xds y

0*ctA I +______.- j-

2 J

( ) 22o, +

" It remains to evaluate the contri-butions to wi arising from the Iaig

associated wibh L1O and Lit"

over te wing surface the fix-st of these is simply,

,2.2

- 0 1( ,,)

11• ( -Y ,) a (y _ y ,)

CSI~ o -- *

11.26)

a i the second is,
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±1 4n

''> ~ ~ L jL1 dx dy'
(A - .- ',-

5-0 - __

&4j. axd.

or by use of equation (1117,

4

FinaLly, there is the oontributioa due to the stead~y pitch loeA, lomtixa
Ljq. This is,

wiq ii q(dxl) 2

-x.1 ft.d

-l by use of (11.17). (11. 28)

Fom equation (28) of ref.T12 we have,

L (xljy) .(',) 0 -> - '-

in the wake, and

X1

;*a -t for rwe.k of deltaxk 1$ t

DsocRE pET c
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. : ' " '" ' " i(--' o
1K -Summning the ariouz contributions to t'j) equatiorns (11. 25; 26,- 2?, 2Z arA 29)

we obtain,

01-j

~ifl~(1 (1100)i

S from vhich we have for. tho e--)wcrrsh angle

*-V -In W.

=~ -Al V )(n

1 .s (12. 31)

i-P we write - = (x). It is interest:ig to note that for y < s the

downwash depends only on the strcamwise position of the point (xy).

In calculati-g.tha tailplane contributions to z& and m we r.e the
sane approximation as before, that is, we replace the incidence distribution
given by,

6t; = O+ -0- .2 =K
o+ -*-V/. H .

by a mean value daroted by a bar over the symbols. Using the suffix t to
denote derivatives for tho isolated tailplaze we have,

A_ t - (x) Zot -(z1-32)

and for the moment deri-ative, - -

We have as yet not defined & precisely, or in other werds fixed tro ,,is to

which the tailplane dorivat6iv refer. If, however, we now choose / to b
-he distance from the aircraft centre cf gravity to the aercdynanic -etre A
the tailplane we have by virtue of the approximate relations z z z.., r.4

S o
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We have already discussed the usda sti ple approximations and ts relaio
to the results obtained in this Appendix for subsonio coraitlsi ! I s
p' . possible there to establiah, such a relationship (see seotioni). F'r sonir
speeds equaeion (11.30) sh wz that' a parallel simplification Is of muxch le-S
sini±'icanc5, ..s can be se3n- if we consider, the behaviour ot D(m) as r
becomes large. The only terms affected are

For large values of x we may approximate as follows,

x u r = x n _ r

o c 2

i Thus for large x this term is of order -1, and the other tens of cndsr

r 17
x o

It follows, therefore, that provided x is such that we are p*rmittad
to linearize with respect to w, (X) + const. for large x. 5.he

simple Glauert result involves neglecting the constant term as or.z-mred with
but as the constant term involves a term in nw this appro:-tuion is

o

of restricted usefulness.

.1

,- DI
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Conversion of American Dlerivatives sto,
-to'their British Equiwalents

American Symbol 'Meaniug - Equivalent- EO-*iah Syubo

_____ Lc 2 - . LiZ

mM ~ a low0

aOL =41 Z(
/qo ~ ~ V~ pV35s

am 2
- -2 -S~2 0

Cm +

TVqs

Relation betwee 4euichrd

o Bits Stanlax zenCor

/2

Lb/b

Fo Amiao s -na.e weroyi MeanChor

b /2
02x~ )y

b/2+7

-50-
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0.8 ;-95 :-0°93 -0- 91,.91g, -1.88 -,.89

.Variation with Cr, positicn +' , ,. ...

.. ~.. .... n.

(6o) (Azo)2 (AZ ) (65)1 ("m;),- (L)3 ..

0. -. o - -. - -2.98 -3#98

o.o6 -0.95 -0.93 .0-.94. -1.9-4. -1.88 -1089

1,45 -0.90 -- 8 .-0.70 -1.37 -1.33 -1.09

*1 t t

Wnto* AR =3; A 450 ; .0 o.998

*t& i.503 x 2.498

-0.316 - 2.202 ;03.25.

= = 2.498

0 .-031 .0.30 -0.41 -0.47 -0*.15 -0.61

0o.8 -0.37 -037 -0.50 -0.57 -0.55 _-76

0.917 -0.-47 -0.-7 -0-57 -0.72 "-0.71 -0.

0 -5.50 -0.49 -0.58 -1 -- &09 1 -1.28

-8 ,-0.61 o,6o -0.73 -1,. -1.2J -.i J

0.9171 -0.71 -0.71 -0.83 -1.58 -1.56 1 .

' Tail gocmex-tz similar to vring.
- 51 -
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- T III

• T W ........ 50) p u . ... .. . -7

So.7 0oroppd delta tai (4,.4,50, X /.

WinL g actneztt-.7 =1; A450 ; 0;.71 T =0.09P8; T0363;
xx

1.36; =2.4.98; 1.028.-
0 - -

I.

Tail Geom'etry etc., R =,3; At, 4650;.

~.4.;.i--- : " ; .27 ;'4 .= .. 8 = :1t

... (a1( Aq)z (&z5) (&')i (&12' -")3

0.88 -0.32 -0.31 -0.48 -0.45 -0.43 -0.65

S0.6871 1.0 11 .03071 1.118 1.25 1.L,14. T.6008 -1.8028 2'.2361
Wing z f -0.4.1 3.75 5.65 2# 0.19 . 0 2 - -0.0 14

S-1.08 0.84 21,.7 .0.58 1 0.15 -0.002 -0.18 -. 23 ._o,__

Wing z + A -0.73 3.-1115.05 1.64 0-.711 0-36 ______ I

TAB I 1 V

II I I I I : - I I

D mWNG (A 60) plus croppeddelta tail (A 4.50 , X 1=/7)

Wk owtyec M 2 1;A 0 ; 0; 0)8

Tail Gecetry et,- AR 3; AZ 450; X '/7

0.6 -0.23 -0.23 1-0.39 -0.31 1-0.29 -0.50

____0.6 1.0 1.0307 1.118 1.25 1. 4141 1 60081 SOP828

wjg -1.12 -0.36 +0.09 -0.19 -0.26 -0.21 -OM~7 -0-03
Alon~ef _

_____ -0.47 1-0-45 -0.30 -0.38 '-0.38 -0.55 -. 8 -0.2Z4

Wing +~-1 A.- -1.35 1-0.78 1-0.56 -0-78 -0.751 -0.63 -0,4) -0.29

*~ Taln 07 -i0 -1.25 -1.26 -1.11 -.96 -0.' -0-63
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FIG. 4.(o. STEADY AND QUASI -STEADY DERIVATIVES
FOR DELTA WINGS, IN INCOMPRESSIB3LE FLOW, AND

FOR AXIS THROUGH THE WING APEX.
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FIG. 4X~b). VARIATION OF mq, WITH AXIS POSIT ION FOR
DELTA WINGS

(NCOMPRESSIBLE FLO0W).



--
mg

s""'

20 01? 1.

~~hFIG OPRSNO SCLUAE

10~ B TWO__ METHOD.CRAII'4



i9 ;qL.,ip T-

N 'IN TS

0__a . I s . .

THEORYV OF

CL--

-)n.-

0~

FIG. 6. COMPARISON OF VARIOUS THEORETICAL. AND
EXPERIMENTAL RESULTS FOR INC(DMPESSIBL. F F LOW.



/A

CALULAION F_ _ I C,7

1-0 
F

O---

AVVROWN~ 70 -

MUMT WiNG, OFE

CALCS.TLNS(s~

FIG 7 VR ITIN F 4 WTHAXS PSIIO A
VAIU AHNMES O VO77WN

(APOXMT ONY(9) M>1



- ~CONFIDENTIAL. R~R LO26

'-HFIG.7(c

49.-9' '

ACTLLAhL AVRO 70.7 WINq

- - -.- .- - .- ,PPROlXlMIfON USED IN
SU$~PER~SONIC CALCULATIONS.

5-O97' I.

- DIMENSIONS .

AVRO 707 WINq EQUIV. WING,.

SPAN (FT) 34-167 34-167

ROOT 2i 826 22O86
CHOPQ( _ _ _ __ _ _ _

TIP CHORD 2.28 -799

SWEEP OF 5 -54* 0
OUTER T. _______

THE TWO WINqS HAVE SAME L.E. SWEVEP, 6,.P--CT RATIO, AND SPAN
THE.IR MEAN CHORDS ARE THUS EQUAL, sur SLIC;HTLY DISPLACED
ONE RELATIVE TO THE OTHER.

FIG. 7(b). COMPARISON OF A-CTUAL AVRO 707
WiNG WITH THAT USED I1N CALCULAT ION OF
THE DERIVATIVES AT SUPER*""01N4C ~SPEE.D$.
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